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RHIC Physics in a Nutshell

Collisions of Ions 1000’s of Particles

RHIC physics takes place in space-time
Need to “rewind” dynamical evolution to study

QCD at high temperature and density



The Edge of Liquidity

System
size



Nuclear Geometry

Knowing collision geometry is essential for all heavy ion results

x-z: 
Longitudinal contraction (1/γ)

b

x-y: 
Transverse overlap

b

R

Npart:
# participants

Nspec:
# spectators

Transverse and longitudinal scales are quite different:
spatial, temporal, momentum (via Δp=h/ΔR)

ε =
σ2

y − σ2
x

σ2
y + σ2

x

“eccentricity”



Momentum and Time Scales

b b

R

Npart:
# participants

Nspec:
# spectators

ε =
σ2

y − σ2
x

σ2
y + σ2

x

Interactions at early times
can span full rapidity range

Interactions at later times
build up transverse flow,
become limited in rapidity

∆y ∼ log(∆p) ∼ log(
√

s) ∆y ∼ 1



“Centrality” (Fraction of Cross Section)
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Cannot directly measure
Npart, Nspec, b, ε, etc.

Measure distributions and
assume they are monotonic

with variable of interest

Bin data in “fractions of
total inelastic cross section”
(requires estimation of σinel)
and relate to same bin in 

geometric distribution

Miller, Reygers, Sanders, Steinberg, Ann.Rev.Nucl.Part.Sci.57:205-243,2007



“Density” Scaling



dN/dη in Au+Au and Cu+Cu at same Npart
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At same Npart, overall 
scale of dN/dη same for

Au+Au and Cu+Cu,
especially near η~0



“Density” Scaling
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PHOBOS did a comparison
of inclusive charged spectra

in Au+Au and Cu+Cu
at 200 GeV and 62.4 GeV

RAA found to scale between
Au+Au and Cu+Cu when

compared at the same Npart

Works all the way down
to low pT, i.e. soft domain



Nuclear Modification of dN/dpT vs. Npart
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Bottom line, spectral modification only depends on Npart,
which is main determinant of overall dN/dη
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Enhancement
of yield at η~0.8 
relative to p+p in

Au+Au and Cu+Cu
vs. Npart



Participant Eccentricity in Au+Au and Cu+Cu
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v2→0 even when b→0

Since εstd→0, v2/εstd diverges
for central Cu+Cu events

v2/εpart scales for Au+Au and Cu+Cu:
Nucleon configuration 

“frozen-in” very early (small τ0)

PHOBOS, Phys.Rev.Lett.98:242302,2007



Density Scaling for v2(pT)

At same Npart, very precise εpart scaling of v2(pT)
between Au+Au and Cu+Cu



“Extended Longitudinal Scaling” of Elliptic Flow
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Scaling also observed for v2(η): related to dN/dη? 

0-40% centrality Phys.Rev.Lett.94:122303,2005



Limiting fragmentation
holds in smaller

centrality bins only if
compared at same Npart 

Longitudinal Scaling of v2(η) follows Density



“Fractional” Scaling
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Extended Longitudinal Scaling of dN/dη

• From rest frame of one projectile: yields invariant at fixed 
geometry (i.e. same b/2R or Npart/2A)

Phys.Rev.C74:021901,2006 

Most theoretical approaches assume (or require) that dN/dy
is established very early in collision -- and remains unchanged



Npart Scaling of Total Multiplicity
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Integrated over 4π
Total multiplicity (4π)

shows “wounded nucleon” 
scaling to Npart=20

in both Au+Au and Cu+Cu

S ∝ sV ∝∝ Ntot ∝ Npart

(Fermi-Landau model)

arXiv:0806.2803

Suggests no change
in overall degrees of freedom

with system size

(p+p/d+Au → A+A explained by
“leading-particle” effects)

Phys.Rev.C74:021902,2006

Suggests no additional entropy
in system evolution



dN/dη in Au+Au and Cu+Cu at same Npart

                    !
-4 -2 0 2 4

   
   

   
   

  
!

/d
ch

dN

0

50

100

c)  22.4 GeV

Cu+Cu: 3-6%

 = 95"
part
Cu-CuN #

22.4 GeV, scaled Au+Au: 35-40% 
19.6 GeV, Au+Au: 35-40% 

 = 95 "
part
Au-AuN #                             

   
   

   
   

  
!

/d
ch

dN

50

100

150

b)  62.4 GeV

Cu+Cu: 0-6%
 = 99"part

Cu-CuN #

Au+Au: 35-40%
 = 98"part

Au-AuN #

   
   

   
   

  
!

/d
ch

dN

50

100

150

200

a) 200 GeV

Cu+Cu: 0-6%
 = 103"

part
Cu-CuN #

Au+Au: 35-40%
  = 103"

part
Au-AuN #At same Npart, overall 

scale of dN/dη same for
Au+Au and Cu+Cu

In detail, shape is different:
More central events taller,

more peripheral events wider

Difference becomes more acute
as the energy decreases



Change the nuclear size by x3: Au+Au→Cu+Cu
No change in shape for same fraction of cross section (b/2R)

“Fractional” Scaling in dN/dη’

• No change in shape moving from Au+Au → Cu+Cu
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“Fractional” Scaling in Directed Flow
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FIG. 4: (color online) Charged particle v1 versus centrality,
for Au+Au and Cu+Cu at 200 GeV and 62.4 GeV. The upper
(lower) panels show results from the main TPC (FTPC). Only
statistical errors are shown.

centrality bins studied, as shown in Fig. 4, and persists
even near mid-η (as shown in the upper panel), where
elliptic flow (v2) of charged particles in Cu+Cu is con-
siderably lower than in Au+Au [23]. Unlike v2/ε, the
ratio of the elliptic flow to the system initial eccentricity,
which scales with the particle density in the transverse
plane (1/S)dNch/dy [24] (also interpreted to be the mid-
rapidity area density [25] or the system length [26]), v1(η)
at a given centrality is found to be independent of the sys-
tem size, and varies only with the incident energy. The
different scalings for v2/ε and v1 might arise from the way
in which they are developed: to produce v2, many mo-
mentum exchanges among particles must occur (and the
number of momentum exchanges is related to the partic-
ipant density and the dimensions of the system), while to
produce v1, an important feature of the collision process
is that different rapidity losses need to occur (related to
the incident energy) for particles at different distances
from the center of the participant zone.

AMPT [27] lies consistently below the measured data,
as evident from Fig. 3. STAR’s prior v1 study [12] in
Au+Au at 62 GeV also showed this trend for AMPT
and other transport models. It is noteworthy that AMPT
does not exhibit the observed pattern of system-size in-
dependence. UrQMD [28] (not shown here) is similar to
AMPT in exhibiting a significant change in v1 between
Au+Au and Cu+Cu.
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FIG. 5: (color online) Charged particle v1 versus η − ybeam,
for 30− 60% Au+Au and Cu+Cu at 200 and 62.4 GeV. Only
statistical errors are shown.

Further scaling behavior is seen by transforming the
data presented in Fig. 3 into the projectile frame (see
Fig. 5), where zero on the horizontal axis corresponds to
the beam rapidity, ybeam, for each of the collision ener-
gies. Within three units from ybeam, most data points lie
on a universal curve for v1 versus η−ybeam. This incident-
energy scaling of directed flow has previously been re-
ported for Au+Au [12, 18], and it is now evident that
the limiting fragmentation hypothesis [29] holds even for
much lighter collision systems like Cu+Cu. AMPT ad-
heres less closely to limiting fragmentation for Cu+Cu.
Note that the quantity η− ybeam introduces some uncer-
tainty due to the use of η instead of rapidity; the lat-
ter requires particle identification. Longitudinal scaling
of scaled multiplicity distributions, dNch/dη/(Npart/2),
has been previously reported by the PHOBOS Collabo-
ration [30].

In summary, we have presented measurements of
charged-particle directed flow as a function of pt, η and
centrality in Au+Au and Cu+Cu collisions at

√
s

NN
=

200 and 62.4 GeV. The observed trend of decreasing v1

with increasing beam energy agrees with models and with
simple scaling arguments. The lack of system-size depen-
dence in v1 for Au+Au and Cu+Cu is quite remarkable
and is a feature not observed or predicted in any model.
The presented η-dependence of v1 provides further sup-
port for limiting fragmentation scaling by extending its
applicability to Cu+Cu. The observed pt-dependence of
directed flow motivates further theoretical investigations
and experimental measurements with identified particles.

We thank the RHIC Operations Group and RCF at
BNL, and the NERSC Center at LBNL and the resources
provided by the Open Science Grid consortium for their
support. This work was supported in part by the Offices
of NP and HEP within the U.S. DOE Office of Science,

“Directed” flow (v1) also scales
with the fraction of cross section
(b/2R) and not rapidity density,
and shows longitudinal scaling

pions opposite
to nucleons

STAR’s explanation:
“At large η (in the fragmentation 

region), the directed flow is believed 
to be generated during the nuclear 

passage time (2R/γ~0.1fm/c)[Sorge]”

Change energy & size by x3
and all data collapses

STAR, arXiv:0807.1518v2



What about Nucleons?

pions opposite
to nucleons

Interesting to compare the
directed flow data with
BRAHMS extraction of
dN/dy of net baryons.

Also “fractional” in nature?



Two Particle Correlations in p+p (PHOBOS)

“equal multiplicity”

Phys. Rev. C75(2007)054913

Keff-1

Keff  = 2.44±0.08

   ! = 0.66 ±0.03

(90% C.L.)
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< k >Keff = “cluster size”
δ = “cluster width”

“Cluster Model” (UA5):
all particles produced in
groups of 2-3 charged



Two Particle Correlation Function in Au & Cu
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“Clusters” in Au+Au and Cu+Cu

Again, fractional scaling -- for “cluster size” in Au+Au & Cu+Cu[!]

Peripheral has larger cluster size (3 vs. 2) and width (0.9 vs 0.75)
than central collisions (or p+p)

   



Resonances set scale
havmult
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Multiplicity of daughters per particle

Keff = µ + σ2/µ ∼ 2

Resonances give 
“predictable” answer of 

Keff~2, δ~0.75
(isotropic decay)

“huge” clusters
in peripheral events

“wide” clusters
in peripheral events

(at least for Au+Au...)
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THERMINATOR
A. Kisiel, priv. comm.



Putting it All Together

Initial Collisions
(Nuclear geometry,
Baryon stopping)

Dynamical evolution
τ~O(R)

Freezeout
(Hadronization)

R

dN/dη dN/dpT

v1(η) v2(pT,η)
Keff>2 Keff~2

Fractional Scaling Density Scaling



The “Shift” ansatz

Longitudinal slice
Decompose into
colliding tubes

∆y =
1
2

ln
[

NA

NB

]

not an original idea: discussed in terms of hydro (Voloshin, Lisa),
firestreak model, collective tube model, etc...



The “shift” ansatz on d+Au
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A simple model of dN/dη
PHOBOS minbias d+Au

Take PYTHIA p+p 200 GeV
Scale it up by Npart/2
Shift rapidity by Δy
Recalculate dN/dη’

Reproduces shape in both
forward and backward

hemispheres.

Better description δy~0.3...

http://arxiv.org/abs/nucl-ex/0703002v1

∆y =
1
2

ln
[
NAu

Nd

]
+ δy

http://arxiv.org/abs/nucl-ex/0703002v1
http://arxiv.org/abs/nucl-ex/0703002v1


Shift ansatz vs. Centrality
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Landau: use Gaussian
dN/dy from Landau hydro
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http://arxiv.org/abs/nucl-ex/0703002v1

Reasonable description, nearly parameter free (δy=0.3)

http://arxiv.org/abs/nucl-ex/0703002v1
http://arxiv.org/abs/nucl-ex/0703002v1


A Sketch of a Solution

Bottom line: just as transverse geometry freezes in early,
longitudinal geometry probably freezes in even earlier (Δt~R/γ)

asymmetric peripheral events make wider dN/dη, v1, 
long-range two particle “clusters”

symmetric central events are narrower, have no v1, and
emit resonance-like clusters

Δy“tubes”
event-wise change of shape 

of dN/dy
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Adding fluctuations to toy dN/dη w/ no clusters
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Discuss!

Thanks to organizers for a fantastic time at PANIC08, Weizmann, and in Israel!



Petra 1950’s
photo by my grandfather

Petra 2008
photo by me





Minijets from Two Particle Correlations?

Minijet Correlations 2

2. Analysis

Charged particle tracks detected in the STAR TPC with pt > 0.15 GeV/c, |η| < 1,

and full 2π azimuth were analyzed from 1.2M minbias triggered 200 GeV Au+Au and

6.7M 62 GeV Au+Au events. Pair densities ρ($p1, $p2) were measured as number of pairs
per unit area on relative angles (η∆ ≡ η1 − η2, φ∆ ≡ φ1 − φ2) for all possible unique

particle pairs. Particles within the same event form sibling pair densities ρsib, while

mixing particles from different events measures the uncorrelated reference ρref . These

are formed into a normalized covariance to produce a correlation measure. The difference

∆ρ ≡ ρsib−ρref measures the covariance in number of pairs between histogram bins, and

the normalization is provided by bin-wise division of
√

ρref . Thus we use the notation
∆ρ√
ρref

for a per-particle correlation measure, shown in figure 1 for selected centralities.
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Figure 1. Minimum-bias correlations for several centralities from peripheral (left) to
central (right) in 200 GeV Au+Au collisions.

3. Fit Results

Proton-proton collisions provide a reference for measuring the contributions to these

structures. Analysis of minimum-bias correlations [4] and single particle pt spectra [5]

show that p+p collisions are well described by a two-component soft and semi-hard

scattering model, as commonly used in event generators such as Pythia. The soft

component represents longitudinal fragmentation in unlike-sign pairs and produces a

1D gaussian correlation centered along η∆=0. The semi-hard component contains a
same-side peak, modeled as a 2D gaussian at the η∆ = φ∆ = 0 origin, and an away-side

ridge centered at φ∆=π. For an inclusive pt range the away-side is completely repre-

sented by function − cos(φ∆) that approximates a wide gaussian which narrows with

increasing pt [4]. The final component necessary to describe p+p data is a 2D exponen-

tial at the origin containing contributions from HBT in like-sign pairs and conversion

e± in unlike-sign pairs. To ensure the simplest possible fit function for Au+Au colli-
sions, we use these components from p+p collisions with only one additional cos(2φ∆)

quadrupole term to account for correlations conventionally attributed to elliptic flow

[6]. The eleven parameter fit function used for the correlation structures in figure 1 is

then:

Minijet Correlations 4

transverse density
2 4 6

M
in

ij
e
t 

P
e
a
k
 A

m
p

li
tu

d
e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 STAR Preliminary
Binary scaling

200 GeV

62 GeV

transverse density
2 4 6

 W
id

th
!

M
in

ij
e
t 

P
e
a
k
 

0

0.5

1

1.5

2

2.5
STAR Preliminary

transverse density
2 4 6

M
in

ij
e
t 

P
e
a
k
 V

o
lu

m
e

0

1

2

3

4

5

6

7
STAR Preliminary

Figure 3. Same-side gaussian peak amplitude, η∆ width, and volume fits. Points
show eleven centrality bins for each energy (84-93%, 74-84%, 65-74%, 55-65%, 46-55%,
37-46%, 28-37%, 19-28%, 9-19%, 5-9%, and 0-5%) transformed to tranvserse density.

consistent with further minijet interactions, which may be possible due to path-length

considerations [9]. Finally, it is possible that the new correlation structures are due

to changes in minijet fragmentation. The trends in the data also suggest a lower pt

manifestation of the “ridge” [10], and these results may help to discriminate among the
many competing models of ridge formation.

The same-side peak volume gives the total number of correlated pairs, though

finding the particle yield requires estimating the average number of correlated structures

per event. Assuming each structure originates with a semi-hard parton and that semi-

hard scattering follows binary scaling, we estimate that 30% of all final-state hadrons

in central 200 GeV Au+Au collisions are associated with this same-side correlation.
As a source of correlated low momentum particles, minijets provide an extremely

sensitive probe of the collision system. The binary scaling reference represents one

extreme limit of a transparent medium, while the other extreme is a completely

thermalized system opaque to minijets [11]. These results call into question the existence

of the latter system at RHIC energies.
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